ed to be a viable alternative to decompressive craniectomy. 6, 14, 20 In a retrospective review of 50 cases involving patients who underwent surgical decompression for a wide variety of intracranial pathologies (most commonly closed head injury), we found that hinge craniotomy was at least as good as decompressive craniectomy in providing postoperative ICP control and resulted in equivalent early clinical outcomes. 13 This analysis, however, included patients with intracranial hypertension from a wide variety of pathologies and did not include long-term functional outcomes or complications. In the current study, we have reviewed our experience with hinge craniotomy and decompressive craniectomy for space-occupying cerebral infarctions to determine the efficacy of each.
Methods

Patient Characteristics
We conducted a retrospective chart review of 28 consecutive cases involving patients undergoing cerebral decompression for treatment of malignant intracranial hypertension related to cerebral ischemic infarctions. These patients were all treated at a single institution (Albany Medical Center) by 8 different neurosurgeons over a 52-month period (November 2006 -February 2011 . This review was approved by the Albany Medical Center institutional review board.
Surgical Decision Making
In the current series, the decision to perform either a hinge craniotomy or decompressive craniectomy was at the discretion of the attending neurosurgeon. Since January 2007, the senior author (J.W.G.) has uniformly applied the technique of hinge craniotomy whenever it was felt that a patient would benefit from cerebral decompression. Initially, the other members of the department were almost exclusively performing hemicraniectomies for the treatment of malignant cerebral infarction. As local experience with the hinge craniotomy technique increased, however, other attending neurosurgeons adopted the technique. In the current series, the 2 senior authors (A.S.B. and J.W.G.) performed 6 (66%) of the 9 hinge craniotomies. The remaining 3 (33%) hinge craniotomies were performed at the discretion of the individual surgeon.
In general, patients suffering an infarct occupying more than two-thirds of the middle cerebral artery distribution were treated at variable time points based largely on the clinical judgment of the treating neurosurgeon. These patients received cerebral decompression either 1) prior to the development of high ICP, but with clear evidence that a significant amount of the brain was affected, 2) after demonstration of medically refractory intracranial hypertension proven by ICP monitoring, or 3) after development of a cerebral herniation syndrome. The surgical techniques used for both hinge craniotomy and decompressive craniectomy have been previously described. 13 
Clinical Analysis
Demographic and Clinical Characteristics. Characteristics reviewed for each patient included age, BMI, sex, location of vessel occlusion, admission NIHSS score, CCI, preoperative pupillary examination findings, motor GCS score, preoperative use of anticoagulant or antiplatelet agents, laterality of decompression, and time between symptom onset and surgery.
Postoperative Results. Several immediate postoperative values were analyzed, including postoperative ICP control (measured as the average daily ICP for each of the first 5 postoperative days and average overall ICP for the duration of monitoring), ICP therapeutic intensity index (determined for each day of ICP measurement based on maximum therapy required for ICP control; see Table  1 ), operative time of cerebral decompression procedure, need for reoperation for the treatment of persistent intracranial hypertension, duration of mechanical ventilation and ICU stay, and hospital survival. Long-term clinical parameters (assessed more than 30 days postoperatively) included the need for reoperation for cranial revision or other indications and the presence of wound-healing problems or cranial infection. Using both the mRS and GOS, functional neurological outcomes were assessed at 30-90, 90-180, 180-365, and more than 365 days postoperatively (Tables 2 and 3) .
Radiographic Analysis
For each patient undergoing cranial decompression, both the immediate preoperative and postoperative cranial CT scans were reviewed and classified based on the following characteristics: midline shift, status of basal cisterns (present, compressed, effaced), and the presence of uncal herniation, midbrain torsion (as assessed by deformation of the cerebral peduncle and midbrain tegmentum), IVH, SAH, and subdural hematoma. In addition, for each scan, a Rotterdam score was calculated (Table 4) . 15 Postoperative cranial CT imaging was reviewed for the following radiographic complications: presence of subdural effusions/hygromas, hydrocephalus, bone flap resorption, contusion/hematoma progression, and evolution of contralateral mass lesions.
Volumetric Analysis. BrainLAB iPlan software was used to calculate the volumetric cerebral volume and intracerebral hematoma volume of both the preoperative and postoperative cranial CT scans for each patient. The volume of cerebral expansion and the hematoma volume change were then calculated as follows: Volume of cerebral expansion = postoperative volumetric cerebral volume − preoperative volumetric cerebral volume Hematoma volume change = postoperative volumetric intracerebral hematoma volume − preoperative volumetric intracerebral hematoma volume.
Analysis of CT Morphometrics. Utilizing the technique detailed by Flint et al., 4 a series of measurements were used to standardize the size of cranial decompression between patients (Fig. 1) .
Statistical Analysis
Between-groups comparison was performed for each of the clinical and radiographic characteristics. Quantitative data are expressed in terms of mean values with corresponding standard deviations. The independent 2-sample t-test was employed for comparison of variables of normal distribution. For nonparametric analysis, the Wilcoxon-Mann-Whitney test was used. Statistical significance was defined as p < 0.05.
Results
A total of 28 cases were reviewed, 9 involving patients who underwent hinge craniotomy and 19 involving patients who underwent decompressive craniectomy.
Admission Demographic Characteristics
There was no statistically significant difference in any of the preoperative demographic statistics: age, BMI, sex, laterality, pupillary examination results, motor GCS, use of anticoagulant or antiplatelet agents, NIHSS score, CCI, or time between symptom onset and surgery ( Table  5 ). There were a greater number of internal carotid artery, rather than middle cerebral artery, occlusions in the hinge craniotomy group (p = 0.05).
Postoperative Results
There was no statistically significant between-groups difference in either postoperative ICP control or ICP therapeutic index (Tables 6 and 7 ; Figs. 2 and 3 ). Both procedures provided adequate ICP control as evidenced by the average ICP for the duration of monitoring (10.8 ± 3.4 for the hinge craniotomy group vs 11.9 ± 3.5 mm Hg for the decompressive craniectomy group) at a low average therapeutic index (1.3 ± 0.7 for the hinge craniotomy group vs 1.1 ± 0.2 for the decompressive craniectomy group). All patients received head elevation and sedation as a daily therapeutic measure, with only a few requiring more intensive treatment. One patient in the hinge craniotomy group was placed in a barbiturate coma postoperatively at the request of the treating neurologist.
There was no significant difference between the 2 groups in terms of operative time, need for reoperation for the treatment of persistent intracranial hypertension, and duration of mechanical ventilation or ICU stay ( 5 [56%] of 9 in the hinge craniotomy group, p = 0.04). Of the patients who did not survive, however, none progressed to a cerebral herniation syndrome postoperatively. In fact, excellent postoperative ICP control was achieved in each of these patients. Instead, each had care withdrawn by family members due to lack of early clinical improvement and in accordance with the patient's previously stated wishes.
Long-Term Clinical Analysis
Of those surviving after their cranial decompression, more patients in the decompressive craniectomy group required surgery for cranial revision (that is, cranioplasty; 17 of 17 vs 1 of 5 in the hinge craniotomy group, p < 0.001). One patient in the hinge craniotomy group underwent additional surgery to secure a mobile bone plate. The remaining patients in the hinge craniotomy group had satisfactory cosmesis and seemingly adequate osseous integration, although the latter was not proven radiographically in all cases. The rates of delayed reoperation for other indications were similar in the 2 groups. More patients in the decompressive craniectomy group had wound healing and/or infection issues, but this difference was not statistically significant (Table 9 ). One patient in the hinge craniotomy group required revision for a wound dehiscence and exposed hardware. Six patients in the 13 † For each day of ICP monitoring, the maximum therapy administered for ICP control was determined and the patient was assigned one of the corresponding values (1-5) for that day. decompressive craniectomy group required operative debridement of a wound infection, and one was able to be treated nonoperatively. With respect to long-term functional outcomes, better outcomes were seen in the hinge craniotomy group as determined by mRS scores at the 30-90 day period (2.8 ± 1.1 in the hinge craniotomy group vs 4.4 ± 0.9 in the decompressive craniectomy group, p = 0.01) and at the 90-to 180-day period (2.5 ± 0.6 vs 3.9 ± 1.0, p = 0.03). These differences were lost at later time points when many patients were lost to follow-up (Table 10 , Fig. 4 ).
Radiographic Analysis
Analyzing the immediate preoperative and postoperative cranial CT imaging results for both groups revealed no differences that were statistically significant, with the exception of the presence of postoperative SAH (Table  11) . Although the 2 groups had comparable baseline radiographic studies, a greater number of patients had postoperative SAH after decompressive craniectomy than after hinge craniotomy (1 of 9 vs 12 of 19, respectively, p = 0.02).
More subdural effusions or hygromas were seen on postoperative imaging in decompressive craniectomy patients (11 of 19 vs 1 of 9 in the hinge craniotomy group, p = 0.02). Excluding patients who had an intraparenchymal hematoma evacuated during their cranial decompression, a greater number of decompressive craniectomy patients showed contusion or hematoma progression on postoperative cranial CT (11 of 18 vs 1 of 8, p = 0.02). Two patients in the decompressive craniectomy group required ventriculoperitoneal CSF shunting, whereas no patient undergoing hinge craniotomy demonstrated either clinical signs or radiographic appearance of hydrocephalus; this difference, however, did not reach statistical significance (Table 9 ).
Volumetric Analysis. While a smaller volume of cerebral expansion was associated with hinge craniotomy (77.6 ± 44.7 ml) than decompressive craniectomy (96.3 ± 54.4 ml), the difference was not statistically significant (Table 11 ). For those patients whose preoperative imaging demonstrated intracerebral hematoma, postoperative expansion of the blood volume was seen in several patients after surgical decompression. The degree of expansion was similar between the 2 groups (7.7 ± 8.5 ml in the hinge craniotomy group vs 9.9 ± 9.2 ml in the decompressive craniectomy group, p > 0.05).
Analysis of CT Morphometrics. Analysis of morphometric characteristics of the cranial CTs for the hinge craniotomy and decompressive craniectomy groups revealed similar results (Table 12 ). The maximum craniectomy diameter was comparable between the 2 groups even when standardized for different cranial sizes. The magnitude of extracerebral herniation varied, but not to a statistically significant degree.
Discussion
Despite the promising results of recent randomized trials, the role of surgical decompression in the treat- 11.6 ± 3.5 11.4 ± 5.0 POD 5 11.7 ± 4.6 12.1 ± 3.8
* All values are means ± SD. None of the between-group differences were statistically significant (p < 0.05). Abbreviation: POD = postoperative day. ment of malignant cerebral infarction remains controversial. Critics of the procedure often cite the morbidity of decompressive craniectomy along with the concerns for potentially resulting in a high number of patients in a prolonged or persistent vegetative state. Perhaps even more controversial is the role of the hinge craniotomy procedure for large space-occupying cerebral infarctions. Many doubt whether leaving the bone plate in situ, even if it is "hinged," will allow for a sufficient degree of swelling to control ICP and prevent cerebral herniation.
More recently, there has been greater interest in the quality of life after craniectomy for ischemic stroke among both patients and their caregivers. 2, 5, 8, [16] [17] [18] [19] The potential morbidity associated with decompressive hemicraniectomy and the requisite cranioplasty procedure can significantly impact this quality of life. These complications have been well documented and have led to our continued pursuit of an alternative decompressive procedure: the hinge craniotomy. 7, 10, 21, 22 With our previously published retrospective review of the hinge craniotomy procedure at our institution, we were able to demonstrate adequate ICP control and shortterm outcomes similar to what is achieved with decompressive craniectomy. 13 That study, however, included a very heterogeneous group of patients. The current analysis focuses strictly on our experience with cerebral decompression for large hemispheric cerebral infarctions. Between the 2 subgroups of patients, those treated with decompressive craniectomy and those treated with hinge craniotomy, the preoperative clinical and radiographic characteristics were very similar. This similarity helped to ensure that the results from the 2 groups could be reliably compared. The only significant difference in any of the baseline parameters was the site of the intracranial vessel occlusion. A greater number of distal internal cerebral artery occlusions as compared with middle cerebral artery occlusions were seen in the hinge craniotomy group.
Effect on Postoperative ICP and Early Clinical Outcomes
Consistent with the results of our previous study, we again found that the 2 procedures of hinge craniotomy and decompressive craniectomy achieved equivalent ICP control, limiting the need for aggressive medical therapy. While the duration of mechanical ventilation and ICU stay was similar between the 2 groups of patients, there was greater inpatient mortality in the hinge craniotomy group. As evidenced by both the postoperative ICP control and radiographic data, none of the patients in the hinge craniotomy group experienced postoperative neurological deterioration or progression to a cerebral herniation syndrome. Rather, all of the patients who died in the immediate postoperative period had care withdrawn by family due to a lack of satisfactory postoperative neurological progression. Although the statistical analysis was limited by the small sample size, 3 patients in the decompressive craniectomy group did require reoperation for persistent intracranial hypertension as compared with none in the hinge craniotomy group.
Long-Term Clinical Outcomes
The cranioplasty procedure is far from benign, and we feel that its avoidance is the primary advantage of using the hinge craniotomy instead of decompressive craniectomy. In this series, hinge craniotomy limited the need for delayed operative procedures either for cranial reconstruction or for other indications. Only 1 patient (20%) undergoing hinge craniotomy required a cranial reconstruction as compared with 100% of the decompressive craniectomy survivors. In addition to limiting the morbidity of cranioplasty, which has just recently begun to be described, the financial burden represented by a second surgical procedure is eliminated. The cost of other treatment aspects of the decompressive craniectomy procedure (need for CSF shunting, potential need for synthetic bone plates, emergency room visits for headaches, and so forth) may also potentially be avoided. Reviewing functional outcomes, the neurological recovery was significantly better in the surviving patients in the hinge craniotomy group early in the postoperative period. More of the hinge craniotomy patients than the decompressive craniectomy patients were ambulatory shortly after surgery, which is better reflected in the mRS than in the GOS. This helps explain why the former scale revealed significant differences, but not the latter. It is possible, however, that this was a result of selection bias, as those hinge craniotomy patients who had care withdrawn shortly after surgery may have continued to show poor neurological progression. If this had been the case, the between-groups difference might not have been statistically significant. The analysis of data from the later postoperative periods was limited by the poor patient follow-up.
Limiting Postoperative Cerebral Expansion
In our previous comparison of the cranial decompression procedures, we discovered several findings that led us to speculate that hinge craniotomy, while allowing enough cerebral expansion to control postoperative ICP, managed to constrain extracranial swelling and some of the associated theoretical risks. 13 Some results of the current analysis further support this hypothesis.
In reviewing the postoperative radiographic studies, we found several significant differences between the hinge craniotomy and decompressive craniectomy groups. On the immediate postoperative images, a greater number of decompressive craniectomy patients had subdural effusions/hygromas, SAH, and progression of preoperative intraparenchymal hematoma. We believe that these findings were a result of the unconstrained extracerebral herniation permitted by decompressive craniectomy, which may be prevented by leaving the bone plate in situ. This is a potential explanation for the early difference in functional outcomes seen between the 2 procedures.
While seemingly not as concerning as the development of SAH and hematoma progression, the impact of subdural effusions after cranial decompression has recently become more recognized. 1, 23, 26 The development of an effusion has been linked to neurological deterioration, progression to subdural hematomas that may require surgical evacuation, and a need for CSF shunting. Additionally, in our current series, we had several patient readmitted from outside facilities with subdural effusions/hygromas and concerns for hydrocephalus and/or mass effect. This adds significantly to medical costs and distress for both the patients and their families.
Critique of the Current Study
The limitations of this study include its retrospective, nonrandomized nature, limited size, the number of patients lost to follow-up, and the limited outcomes. The operative decision making was not uniform, as the type of decompression performed was at the discretion of the treating neurosurgeon. Therefore, selection and observer bias may have been confounding factors in this analysis. In the majority of the cases, no preoperative ICP data are available, as the patients were taken directly to the operating room with evidence of a clinical herniation syndrome or based on impaired levels of consciousness in the setting of radiographic studies demonstrating significant mass effect and midline shift. Measurement of metabolic parameters (for example, microdialysis, cerebral oxygenation) was not included in this analysis because these techniques were not uniformly used. As attempts were made to perform each of the cranial decompression procedures as early as possible after the onset of stroke symptoms, it was not possible at the time of surgery to predict the final clinical and radiographic evolution of the infarct. Although all of the patients suffered from the mass effect of a space-occupying infarction prior to decompression, the heterogeneity in the volume of the completed strokes and their effect on functional outcome may also have been a limitation (Figs. 5 and 6 ).
The withdrawal of care by patients' families confounded the analysis of the decompressive procedures. While not necessarily reflective of a surgical failure, it does reflect the reality of treating this subgroup of patients. Finally, the outcome measures used only provide a review of physical disability and not quality of life or other psychosocial aspects of the lives of the patients and their caregivers or families. Despite these limitations, we have calculated our power for detecting a difference between the 2 groups (hinge craniotomy and decompressive craniectomy) on the mRS at 3 months to be 87%. Using our current data for future study designs, thirteen 6-month survivors in each group would be needed to detect a significant mRS score difference. This is the first study to evaluate the cerebral decompression techniques of hinge craniotomy and decompressive craniectomy for malignant intracranial ischemic infarction. Again, we have demonstrated excellent postoperative control of intracranial pressure at a similar therapeutic intensity. While the mortality rate was higher in the immediate postoperative period in the hinge craniotomy group, these patients did demonstrate superior early neurological outcomes. Several radiological findings related to the greater extracranial cerebral herniation seen with the decompressive craniectomy procedure may suggest why that subgroup of patients had a more delayed or limited recovery.
Conclusions
Our results suggest that hinge craniotomy may be a reasonable method of cranial decompression for those patients suffering from a malignant cerebral infarction. Both the hinge craniotomy and decompressive craniectomy procedures allow for adequate postoperative ICP control, while the hinge craniotomy procedure may provide some benefits in limiting the morbidity associated with cranial decompression. Although the current study is limited, its promising results do invoke the need for a larger study involving a greater number of patients as well as a randomized, prospective analysis to determine whether hinge craniotomy could or should be regularly used in this setting. 
